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This morphologic study (X-ray examination of gross
specimens, histologic study and histochemical staining)
compares two groups of explanted left-sided biopros-
thetic valves: group I, 6 valveswith normal cusp function
and group II, 10 valves with significant dysfunction.
Implantation periods ranged from 26 to 79 months. A
computerized descriptive statistical method (principal
component analysis) is used to analyze the qualitative
results. Although qualitatively identical alterations are
observed in both groups, the findings in the deep layers
of the cusps of severe collagen breakdown, intensive fi-
brin penetration and various degrees of calcificationare
restricted to group II. Other findings of interest in both
groups include amyloid deposits (four cases) and lay-
An increasing number of studies have stressed that signif-
icant structural changes occur in porcine bioprosthetic valves
after varying times of implantation in patients (1-27), pulse
duplicators (28) and experimental animals (1,29). In human
subjects, most observations were made on surgical speci-
mens in cases of bioprosthetic valve failure and disclosed
three types of complications: deterioration of valve tissue,
bacterial endocarditis and thrombosis, in that order of fre-
quency. A few of these studies (3,4,7) also provided data
on normally functioning bioprostheses examined at autopsy.
One study published in 1978 (6) was different in that
specimens taken after short-termimplantation (up to 2 months)
concerned only bioprostheses with normal function. The
material was examined by histologic and ultrastructural
methods. However, controls were not established and his-
tochemical methods were not used. This present study was
undertaken to complete and expand that study; first, by
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ering of fusiform host cells on the cusp surface (three
cases).
The computerized study shows that individuals of one
clinical group are morphologically different from those
of the other. Mechanical stress may contribute to surface
alterations early after implantation, while further col-
lagen breakdown and macrophagic activity result in deep
penetration of plasma components and fibrin. Subse-
quent calcification is likely to be dystrophic rather than
metabolic. Colonization of the cuspal surface by endo-
thelial cellsafter long-term implantation of bioprosthetic
valvesexpresses a new type of relation between host and
bioprosthesis.
studying bioprostheses after long-term implantation (up to
79 months) and second, by comparing normally functioning
implanted bioprostheses with dysfunctioning prostheses.
Methods
Study cases. A total of 16 left-sided porcine valves were
recovered from 15 patients, processed and separated into
two groups. Group I (five patients) consisted of six left-
sided implanted glutaraldehyde-fixed bioprostheses pre-
senting with normal function after various long-term im-
plantation periods ranging from 26 to 60 months. Group II
(10 patients) consisted of 10 bioprostheses removed sur-
gically because of tissue deterioration after various durations
of implantation ranging from 27 to 79 months. Infected
prostheses were not included in these series.
Clinical data in the 16 cases are presented in Table 1.
The patients' ages ranged from 11 to 67 years (mean 62 in
group I and 31 in group II). Seven patients were male and
eight female.
X.ray examination. Radiographs were taken of all bio-
prostheses before processing to detect small calcifications.
The radiographic study was made by means of a Field Emis-
sion Faxitron X-ray unit at 20 kilovolt potential.
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Table 1. Clinical Data of the Patient Groups
Durationof
Primary Surgical Age Clinical Symptoms at Implantation
Case Procedure + Diagnosis (yr) Bioprosthetic Removal Cause of Death (mo.)
Group I: Normal Function
AVRlH25/aortic 54 Hypovolemic shock Acute dissection of 28
valve disease, ascending aorta
Marfan's disease
2 MVRlH31/mitral 59 Congestive heart failure Myocardial failure 48
regurgitation
3 MVRlH27/calcified 53 Congestive heart failure Myocardial failure 48
mitral valve disease
4 AVRlH25/aortic valve 62 Angina pectoris Myocardial infarction 44
disease
5 + 6 AVRlMVRlCE23 + 20/ 62 Congestive heart failure Right heart failure 10 days 60
rheumatic mitro-aortic after TVR
valve disease
Group II: Abnormal Function
7 AVRlH21/congenital 39 Aortic regurgitation/left Unknown, 10months after 27
aortic stenosis heart failure second operation
8 AVRlCE25/aortic 54 Asymptomatic Ethylic cirrhosis 29
regurgitation
9 MVRlH20/mitrai 11 Dyspnean, 28
regurgitation post-
endocarditis
10 AVRlCE31/ 15 Aortic 42
paravalvular leak regurgitation/severe
post-prosthetic congestive heart
endocarditis failure
II AVRlCE21/aortic II Pulmonary edema 32
regurgitation after
aortic valve
commissurotomy
12 MVRlH33/rheumatic 49 Congestive heart failure/ 48
mitral stenosis transvalvular gradient
35 mm Hg
13 MVRlH27 + TVR/H29/ 32 Pulmonary 48
rheumatic valve edemalcardiogenic
disease shock
14 MVRlH20/rheumatic 3S Dyspnea lIb-III 52
mitral valve
regurgitation
15 AVRiaortic regurgitation II Asymptomatic left 60
and VSD type 1 ventricular
hypertrophy
16 AVRlBS21 - MVR/H31/ 34 Congestive heart failure 77
rheumatic valve
disease
AVR = aortic valve replacement; BS = Bjork-Shiley bioprosthesis; CE = Carpentier-Edwards bioprosthesis; H = Hancock;MVR = mitralvalve
replacement; postop. = postoperative; TVR = tricuspid valve replacement; VSD = ventricularseptal defect.
Histologic and histochemical studies. All specimens
were fixed in 4% formaldehyde. Tissue blocks were embed-
ded in paraffin and 5 JLm sections stained with hematoxylin-
erythosin-saffron, orcein-Van Gieson stain for elastin, Mal-
lory's phosphotungstic acid-hematoxylin for fibrin, Mowry
stain for polysaccharides, Von Kossa stain for calcium and
alkaline Congo red for amyloid. Several samples were cut
with a freezing microtome and stained with Oil red or Sudan
III for neutral fat. Gram stain was performed on most cusps
of the two groups. All histologic and histochemical features
were estimated qualitatively using an arbitrary scale of 0 to
3+ . Data on each type of alteration were totaled and con-
verted into a group index ranging from 0 to 10.
The terminology proposed by Gross and Kugel (31) in
1931 for the histologic description of the aortic valves in
the human heart was used in this study, except for the term
"arterialis elastica," which was dropped.
Statistics. The statistical technique used is principal
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component analysis and is a part of data analysis. The con-
cept is to make apparent the similarities or the differences
between individuals in a small group. These individuals can
be considered as points in a two-dimensional space; two
points close to (or far from) each other represent, in some
mathematical sense, two individuals that are similar (or
different). Thus, this method is able to elaborate subgroups
of individuals who were not completely different a priori.
This mathematical concept was developed by Lebart et al.
(30).
Results
Histologic and histochemical findings (Table 2). There
were a few striking microscopic differences between the
series of bioprostheses with normal function or macroscop-
ically normal cusps, or both, after long-term implantation
(group I) and the cases of valve failure (group II). These
differences were observed in the deep layers of the cusp,
so that in group I: 1) collagen breakdown was much less
severe; 2) some fibrin penetration occurred after a period
of 44 months (Fig. lA and B), whereas significant fibrin
deposition was a common finding in group II; and 3) no
calcium was detected, whereas important calcium deposition
was present in 7 of 10 valves in group II (Fig. 2A, Band
C). Calcium and fibrin deposits were generally observed in
the spongiosa, although calcifications frequently extended
to the deeper part of the fibrosa. Absence of significant
breakdown of deep collagen and absence of calcium deposits
in group I corresponded to the absence of gross tearing or
cusp perforation on macroscopic examination (Fig. 3A) and
calcification on the roentgenograms (Fig. 3B).
Small deposits of Congo red positive material with typ-
ical green birefringence under polarized light were observed
in two normally functioning bioprostheses implanted in the
same patient and in two bioprostheses with severe structural
deterioration and dysfunction (Fig. 4).
No difference in tissue deterioration was noted between
the two types of bioprostheses, Hancock or Carpentier-Ed-
wards, and none was noted between the bioprostheses in-
serted at the mitral and the aortic site, respectively. In a 23
mm Hancock valve implanted at the aortic site and showing
an abnormal gradient of 30 mm in response to moderate
exercise (Case 12), the muscular shelf of the right coronary
cusp was more deteriorated grossly than the cusp itself,
although no difference was seen in the anulus of the two
other cusps.
Analysis of patients. The principal component analysis
was applied by considering all the patients (groups I and
Table 2. Histologic and Histochemical Modifications of Left-Sided Porcine Bioprosthetic
Valvular Cusps (index) After Long-Term Implantation in 6 Cases With Normal Function
(group I) and 10 Cases of Valve Failure (group II)
Group I Group II
4
6
II to 53; 31.1
10
6.7
4.7
8.3
2
27 to 79; 45.9
5 Mit, 5 A
7 H; 3 CE
3
3
57 to 67; 62
10
5
7.7
6.1
5.6
26 to 60; 46.7
3 Mit, 3 A
4 H; 2 CE
Implantation
Duration (mo) (range; mean)
Site
Type of prosthesis
Patient
Age (yr) (range; mean)
Sex
Male
Female
Changes in cusp surface* (outflow mainly)
Desquamation of the endothelium
Fibrin deposition
Cell deposition
Disruption of fibrosa
Penetration of cells and fibrin
Changes in deep layers*
Decrease in nuclear basophilia 8.3 9.7
Decrease in acid polysaccharides 6.3 7.7
Penetration of host proteins 5 8
Penetration of host fibrin 2.8 7
Penetration of host cells 4.4 6
Lipid droplets 5 7.3
Breakdown of collagen fibers 3.3 8.3
Elastin disruption (ventricularis) 0.6 2.7
Calcium deposition 0 7.7
Amyloid deposition l.l 1.3
Tears and perforations 0 7.3
*Modification index 0 to 10 (see Methods section); full data may be obtained from first author. A = aortic;
CE = Carpentier-Edwards bioprosthesis; F = female; H = Hancock bioprosthesis; M = male; Mit = mitral.
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Figure l. Photomicrographs of two bioprostheses with normal
function (group II) implanted, respectively. for 44 months (A) and
48 months (B). In both prostheses , a few small black deposits of
fibrin are present in the deep layer of the fibrosa (F) and the
spongiosa (S) is enlarged in most areas; it is infiltrated by small
lakes of plasma proteins of homogeneous gray aspect in some
places (B). V = ventricularis. (Phosphotungstic acid-hematoxylin;
original magnification x 12.5.)
II) as part of a single group. The resultsconfirmed the initial
presumptions (Fig. 5). The individuals in group I (Cases 1
to 6) showeda distinctdifferencein spatialdistribution from
those in group II (Cases 7 to 16). The relatively advanced
age of the patients in group I with valves with normal func-
tion (mean age 62 years versus 31 in group II) is purely
incidental because sampling was from subjects whose fatal
outcome was unrelated to surgical intervention.
Colonization of cusp surfaces. An important finding
not includedin Table 2 concerns the appearance of fusiform
cells on the surface of the bioprosthetic cusps several years
after implantation. The surface of the left-sided implants
remained endothelium-free after 52 monthsof implantation.
whereas two bioprostheses implanted in the aortic position
for60 months anda third in the mitralpositionfor 79 months
showed a discontinuous layer of apparently fresh fusiform
cells. Some were covering the outflow surface, whereas
others were situated between the superficial collagen bun-
dles of the fibrosa (Fig. 6). One aortic bioprosthesis was a
Carpentier-Edwards valve with normal function; the others
were calcifiedand abnormally functioning aortic and mitral
Hancock valves.
Discussion
Superficial Bioprosthetic Changes
The degenerative changesoccurring at the surfaceof the
porcine bioprosthesis have been observed ultrastructurally
and reported in detail mainly by Ferrans et al. (8) in 1978
and Riddle et al. (21) in 1981 . Consequently, we shall
restrict ourselves to the discussion of certain aspects of
superficial deterioration.
Breakdownof subendothelial collagen fibers. An im-
portant feature common to all implanted porcine bio-
prostheses is the multifocal erosive process and breakdown
of the subendothelial collagenfibers . This startsshortlyafter
implantation and mainly involves the holding (outflow)
surface.
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Figure 2. Photomicrographs of a Car-
pentier-Edwards bioprosthesis im-
planted for 48 months in the aortic
position in a 19 year old man and re-
moved operatively because of calcific
stenosis (group II). Large and, in soine
places, multinodular (A) calcific de-
posits occupy the spongiosa and deep
layer of the fibrosa and are intermin-
gled with numerous black flecks of fi-
brin. The irregular holes seen in the
calcification in Band C are probably
artifacts. Band C are the same cal-
cificationbut staineddifferentlyto show
the topographic association of calcific
(arrows) and fibrin deposits (decal-
cified specimen; A, phosphotungstic
acid-hematoxylin, original magnifi-
cation x 5, reduced by 30%; B, he-
matoxylin-crythrosin-saffron x 12.5,
reduced by 30%; C, phosphotungstic
acid-hematoxylin x 12.5, reduced by
30%).
An immunologic mechanism has been proposed (18,12,22)
to explain breakdown and cellular reactions . But as Riddle
et a1. (21) emphasized, a foreign body response reaction to
the disrupted subendothelial tanned collagen> could , by it-
self, offer a satisfactory explanation. This is also our impres-
sion when we review the sequence of alterations in our series
and record that the type of host cell involved is essentially
histiocytic, in other words, the macrophage. Polymorphs
participate in the inflammatory response, mainly in the early
phase of implantation. In contrast, lymphocytes and plas-
mocytes are rarely present even in the late phase. These
alterations, regardless of their cause, are followed by in-
sudation in the depth between the collagen fibers of plasma
proteins, calcium salts and lipids. presumably of human
origin . The evolution of erosion, breakdown of collagen and
accumulation of fibrin and calcium in the deep layers of
bioprostheses in group II would seem to offer sufficient
evidence.
It is very likely that the alterations are a consequence of
rhythmic mechanical stress (29) and the turbulence of the
flow, even in normal stream conditions, and possibly are
facilitated by absence of the endothelial barrier. The greater
lACC Vol. 1, No.2
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Figure 3. Gross appearance of inflow surface (A) and roentgen-
ogram (B) of a Carpentier-Edwards bioprosthesis with normal
function implanted for 60 months in the aortic position in a 67
year old woman, The absence of macroscopic changes (A) cor-
responds to the absence of calcifications on the X-ray film (B).
turbulence of the flow at the outflow surface should explain
why erosion and breakdown are much more extensive on
this side of the cusps. The role of hemodynamic factors
might contribute to prevent endothelization of the denuded
porcine cusps, particularly at the left side of the heart, How-
ever, right-sided prostheses, which are submitted to much
lower pressure and less turbulence, last longer and report-
edly show more endothelization (32,33).
We had the same experience with 45 cases of tricuspid
valve re-placement; all implanted valves were functioning
perfectly, even those implanted for longer than 6 years (35).
Moreover, a 46th case of right-sided bioprosthesis was re-
covered at autopsy 24 months after implantation and showed
foci of cndothelization (unpublished data).
Colonization of the surface of the cusps by host cells
of fusiform morphology. This phenomenon has been well
documented by Ishihara et al. (33) in a series of 12 porcine
bioprostheses implanted in atrioventricular position for 21
to 113 months. On the basis of light microscopic exami-
nation of our material and insofar as these cells are indeed
of endothelial nature, we found that: 1) they do grow in
direct contact with the surface of the valve collagen; and 2)
they are also present in two bioprosthetic valves implanted
in the aortic position for 60 months. Moreover, fusiform
host cells of fibroblastic aspect were present in the upper
layer of the collagen fibers. The colonization of the surface
and superficial layer of the leaflets of left-sided porcine
bioprostheses by host cells of fusiform type after long-term
implantation in patients may have an important significance,
whether these cells are of fibroblastic or endothelial nature.
The phenomenon seems to express a new type of relation
between the host and the denatured animal valve: the porcine
valve tissue is no longer considered as a foreign body, but
as a devitalized tissue frame with thorough impregnation of
the interstitial spaces with the plasma components of the
patient.
Deep Layer Cusp Changes
The substantial decrease of proteoglycans (acid polysac-
charide), in other words, of the ground substance of fresh
porcine valves during glutaraldehyde fixation, may well have
significant consequences for the function of the prosthetic
cusps. As Ishihara et al. (24) stated, it could diminish the
tissue's elasticity and create a void facilitating the penetra-
tion of host substances in the spongiosa. However, the un-
derstanding of the qualitative and quantitative differences
disclosed between group I valves with normal function and
the severely damaged bioprostheses in group II may provide
some insight into the mechanism of calcification and cusp
failure and explain why certain valves function normally
while others fail.
To summarize, observations in the deep layers have shown
three significant histologic differences between grossly nor-
mal cusps and degenerated and calcified cusps within the
same range of time interval after implantation: 1) severe
collagen breakdown and host cell infiltration did not involve
the depth of the cusp in the former group, although they
are widely present in the latter; 2) although a few deep
deposits of fibrin and periodic acid-Schiff-positive material
were seen in four of five cusps after a period of 48 months
in group I, extensive fibrin penetration was present in the
spongiosa of all cusps in group II; and 3) calcifications
occurred exclusively in group II. In any case, the pattern
of histologic and histochemical changes observed was the
same at all ages.
Presence of calcification in thedeepareasof thecusps.
In the last few years, an increasing number of investigators
(10,12,14-16,18-20) have commented on the calcification
of the bioprosthetic cusps and its pathogenesis. Indeed, in
most cases cusp calcification remains the main cause of
valve malfunction, although some valves tear off and per-
forate without being calcified.
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CA
Figure 4. Photomicrograph of a Carpen-
tier-Edwards bioprosthesis implanted for
48 months in the aortic position in a 19
year old man and operatively removed
because of calcific stenosis (group II).
Small Congo red positive deposits (ar-
rows) are in the vicinity of a large cal-
cification (CA). The typicalbirefringence
of the deposits under polarized light is
shownin the inset. (Alkaline Congo red,
original magnification x 31.25, reduced
by 38%.)
According to most reports, calcification is more frequent
and more extensive in children (12,14,15) and in patients
undergoing chronic hemodialysis (11,14,15). Yet, meta-
bolic disorders and hypercalcemia have never been estab-
lished in young patients nor in most adults with a calcified
porcine bioprosthesis . In contrast, histologic features in cal-
cified bioprostheses support the view that the calcific de-
posits are not metastatic but of dystrophic form. This was
already sugge sted by Rose et al. (10) and confirmed ex-
perimentally by Thubrikar et a1. (29) .
Our comparative observations between groups I and II
also favor a dystrophic process. By definition, dystrophic
calcification occurs in damaged tissues that are bathed in
normal extracellular fluid with normal calcium and phos-
phate levels. Review of the ultrastructural observations of
dystrophic calcification in human aortic valves by Kim and
Huang (36) reveals some common aspects with our findings.
I) In human sclerotic valves , calcification occurs extracel-
lularly but is associated with both intra- and extracellular
lipid accumulation and appears to result from cellular aging
and death and is followed by petrification of degradation
products . Accumulation of lipids and calcium in devitalized
and hemorrhagic areas is due to absence of vascularity and
lack of removal. 2) In implanted porcine bioprosthetic valves,
calcium and lipids penetrate together with plasma proteins
into the depth of the cusp through deep cracks in the fibrosa
and accumulate in the loose texture of the devitalized spon-
giosa in the absence of functional vessels.
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Figure 5. Principal component analysis. Projection
of the case on the two-dimensional space.
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Figure 6. Photomicrograph of a 31 mm Hancock
bioprosthesis implanted for 79 months in the mitral
position in a 40 year old woman and removed at
surgery because of calcification and a small per-
foration In the central region of one cusp (type III,
Ishihara et al. [24]) . Surface and superficial colla-
gen bundle s of the fibrosa (outflow) are colonized
by human fusiform cells. Note the endothelial as-
pect of the cells covering the cusp surface . (He-
matoxylin-erythrosin-saffron x 31.25 , reduced by
27%.)
Fibrin penetration also seems to playa role in the cal-
cification of the spongiosa. Indeed , our observations show
a close topographic relation between calcification and deep
fibrin deposits (Fig. 2A, B and C). This is not surprising
because Ferrans et a1. (16) demonstrated that thrombi calcify
and that this calcification involves the mitochondria of plate-
lets and leukocytes trapped in the mesh of fibrin.
Important wear and tear of the cusp followed by dys-
trophic mechanism of calcification may also explain why
porcine bioprostheses calcify more often in children than in
adults . Calcium turnover and, above all , frequency of heart
rhythm and consequentl y of cusp motion , are much higher
in the former (25 to 30% more than in adults) and their level
of activity is greater than in most adults (12) .
Presence of Congo red positive material in the devi-
talized and degenerated collagen of four implanted por-
cine bioprosthetic valves. This finding is puzzling because
this substance also shows all histochemical features of amy-
loid, including the typical green birefrigence in polarized
light. ln one case , some deposits were observed in close
approximation to areas of calcification. In no patients was
there any clinical evidence of systemic amyloidosis. In one
of the patients, a tiny fragment taken from a paraffin section
with Congophilic material was processed for transmission
electron microscopy and showed deposits of nonbranching
fibrils with characteristic features of amyloid. The presence
of amyloid has been confirmed in another series of bio-
prosthetic heart valves (37). One can speculate that the
deposits are of the same origin and structure as those recently
descri bed (38) in human sclerocalcified heart valves in areas
of dense and partly devitalized collagen and in the vicinity
of calcifications. The Congo red positive deposits in porcine
bioprosthetic valves may well be another example of so-
called " dystrophic" amyloidosis and their pathogenesis may
be quite similar to that of in vivo human valve calcifications.
Advantages of PrincipaL Component AnaLysis
The use of the principal component analysis method in
this study shows obvious advantages . The results can be
easily interpreted and this descriptive technique could also
be applied to our small sets of data and did not need any
statistical hypotheses. It is remarkable that Case 12 in group
II, which is particular from a clinical point of view, is also
borderline morphologically, as determined by the principal
component analysis. Another borderline case in group II
(Case 14) has distinct histologic features, that is , absence
of fibrin and calcium in the deep layers of the cusps
(Fig . 5). Thus, the principal component analysis method
confirmed that two groups that are different on a clinical
basis also show distinct spectra of histologic and histo-
chemical changes.
Implications. OUfcomparative study has shown that the
distinct ion between the spectra of morphologic changes in
normally versus abnormally functioning porcine biopros-
thetic valves is essentially of quantitative nature .
Our observations suggest that the following factors are
likely to influence the mechanisms of bioprosthetic cusp
deterioration in the later stages of implantation : I) the depth
of the collagen breakdown and the penetration of plasma
proteins and macrophages; 2) the loosening of the spongiosa
and loss of its ground substance with accumulation of fibrin,
plasma proteins, lipids and calcium phosphate . Subsequent
calcification of the bioprosthetic decayed collagen seems to
be primarily dependent on the depth of the breakdown and
on the extent of penetration of fibrin and plasma compo-
nents. Its mechanism is likely to be dystrophic rather than
metastatic.
The existence ofamyloid in damaged bioprostheses needs
further clarification, but the mechanism of the Congo red
positive deposition can be compared with that of dystrophic
calcification.
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The colonization of the cusp surface by human fusiform
cells of apparently endothelial and fibroblastic nature after
long-term implantation seems to express a new type of re-
lation between the host and its bioprosthesis. This phenom-
enon concerns abnormally as well as normally functioning
porcine bioprostheses.
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